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Abstract

Double-stranded DNA breaks (DSBs) induce a phosphorylation-mediated signaling cascade, but
the role of phosphatases in this pathway remains unclear. Here we show that human protein
phosphatase 4 (PP4) dephosphorylates replication protein A (RPA) subunit RPA2, regulating its
role in the DSB response. PP4R2, a regulatory subunit of PP4, mediates the DNA damage-
dependent association between RPA2 and the PP4C catalytic subunit. PP4 efficiently
dephosphorylates phospho-RPA2 in vitro, and silencing PP4R2 in cells alters the kinetics and
pattern of RPA2 phosphorylation. Depletion of PP4R2 impedes homologous recombination (HR)
via inefficient loading of the essential HR factor RAD51, causing an extended G2-M checkpoint
and hypersensitivity to DNA damage. Cells expressing phosphomimetic RPA2 mutants have a
comparable phenotype, suggesting that PP4-mediated dephosphorylation of RPAZ2 is necessary for
an efficient DNA-damage response. These observations provide new insight into the role and
regulation of RPA phosphorylation in HR-mediated repair.

The cellular response to DSBs is initiated by the phosphatidylinositol-3 kinase-like (P13-
like) family of kinases that include DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), ataxia telangiectasia mutated (ATM) and ATM- and Rad3-related (ATR). A vast
network of ~700 mouse and human proteins are phosphorylated by these kinases in response
to DNA damage?. The phosphorylated proteins include factors involved in cell-cycle
checkpoints and apoptosis as well as bona fide DNA-repair and DNA-replication proteins.
However, our understanding of how the DSB signaling network becomes inactivated is
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limited. It is conceivable that this event involves the dephosphorylation of key factors, with
the normal balance of phosphorylation restored by phosphatases.

Recently, we identified a role for PP2A-like phosphatases (PP2AC and PP4C) in the DSB
response and observed that they dephosphorylate a key DNA-repair protein, the histone
variant H2AX2™4. The members of the PP2A family of phosphatases are found in dimeric or
trimeric complexes containing regulatory subunits that confer substrate specificity and
tissue- and cell type-specific targeting®6. PP2AC is a well-characterized phosphatase with a
variety of substrates involved in DNA repair, replication and progression of the cell
cycleb-8. However, there are few confirmed substrates of PP4C and very limited
understanding of its cellular role®. We and others have shown that a PP4C-containing
trimeric complex dephosphorylates y-H2AX generated during DNA replication3:10, with
PP4 deficiency specifically affecting the repair of DNA replication-mediated damage3.
DSBs induced during DNA replication are typically repaired by HR. Reporter assays show
significantly reduced HR-mediated repair in PP4-deficient cells3. Together, these results
suggested that factors involved in HR-mediated repair of DSBs are targeted by a human PP4
complex.

Based on these observations, we set out to identify factors involved in HR-mediated repair
that are targeted by a PP4 complex in human cell lines. We found that RPA2, the 32-kDa
subunit of the RPA heterotrimeric complex, is dephosphorylated by a PP4 complex. RPA is
a single-stranded DNA (ssDNA) binding factor that is critical for the ‘three Rs’ of
eukaryotic DNA enzymology: replication, recombination and repairt1-15. Upon DNA
replication, stress or damage, RPA2 undergoes phosphorylation in an ordered and
synergistic fashion, with the modification of Ser33 being pivotal in the sequence of
phosphorylation events6. Mutation of RPA2 phosphorylation sites causes a defect in the
efficiency of DNA repairl1:16:17 Because of the importance of RPA2 phosphorylation in
DNA repair, we focused on the PP4-mediated dephosphorylation of RPA2 and on studying
the functional impact of RPA2 dephosphorylation in human cell lines.

RPAZ2 interacts with a PP4 complex

We used a candidate-based approach to investigate the role of PP4 in HR-mediated repair.
We probed protein complexes isolated by tandem affinity purification from cells expressing
Flag and hemagglutinin (FH)-tagged PP4C, PP4R2 and PP4R3p for established HR-repair
proteins, both in the presence or absence of exogenous DNA damage. We found that RPA2
interacts with PPAC and PP4R2 but not with PP4R3p (Fig. 1a). This interaction is DNA
damage dependent, as it is detected only in camptothecin (CPT)-treated cells.
Immunoprecipitation of endogenous RPA2 in CPT-treated cells also “‘pulled down’ PP4C
and PP4R2, further confirming this result (Supplementary Fig. 1). To investigate whether a
PP4 complex affects the phosphorylation status of RPA2, we silenced all the known
subunits of PP4 and evaluated levels of phosphorylated RPA2. Consistent with the
interaction data, silencing PP4C and PP4R2 led to elevated levels of phospho-RPA2 in CPT-
treated cells (Fig. 1b). Notably, silencing the other PP4 regulatory subunits did not affect
RPAZ2 phosphorylation. Reducing the levels of other PP2A-like phosphatases, PP2AC and
PP6CS, or of the phosphatase Wip1, which is involved in the DNA-damage responsel8:19,
also did not have any effect on RPA2 phosphorylation (Supplementary Fig. 2). PP4C and/or
PP4R2 apparently modulate the RPA2 phosphorylation state in response to other types of
DNA damage because ionizing radiation induced co-localization of RPA2 and PP4R2 in
nuclear foci, and silencing R2 led to elevated levels of phospho-RPA2 in cells treated with
ionizing radiation (Supplementary Fig. 3). A PP4 complex including PP4C and PP4R2
dephosphorylates y-H2AX3:10, Therefore, it is feasible that silencing PP4C and PP4R2
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affects RPA2 phosphorylation via H2AX. To address this issue, we silenced PP4R2 in
H2AX-depleted cells and assessed the phosphorylation status of RPA2. The absence of
H2AX did not alter the impact of PP4R2 on RPA2 phosphorylation (Supplementary Fig. 4).
Together, these results suggest that a heterodimeric complex of PPAC and PP4R2
dephosphorylates RPA2.

PP4R2 mediates the interaction of PP4C and RPA2

We have previously shown that PP4AC-PP4R2-PP4R3p forms a heterotrimeric complex
involved in the DSB response. However, several studies have shown that PP4C and PP4R2
form a heterodimeric complex in vivo and in vitro, which then recruits PP4R3a or R3p%:20,
Because our results suggest that only a heterodimeric complex of PPAC-PP4R2 affects
RPA2, we wanted to confirmed that PP4C and PP4R2 interact efficiently in the absence of
PP4R3p (Supplementary Fig. 5) and PP4R3a (data not shown). It is possible, however, that
PP4R2 and PP4C both regulate RPA2 phosphorylation independent of each other, and not as
a PP4 complex. To address this issue, we isolated an R2 mutant that did not interact with
PP4C but retained the capacity to interact with RPA2. Our rationale was that, if PP4R2
mediates dephosphorylation of RPA2 by recruiting PP4C, cells expressing these PP4R2
mutants should have elevated levels of phospho-RPA2. We generated PP4R2 mutants based
on species conservation (Fig. 1c, top) and observed that an arginine-to-alanine mutation of
residue 103 (R103A) abolished the interaction of PP4R2 and PP4C (Fig. 1c, bottom left),
without altering the DNA damage—dependent interaction of PP4R2 and RPA2 (Fig. 1c,
bottom right). We replaced endogenous PP4R2 with FH-tagged wild type (WT) or R103A
mutant using siRNAs targeting the 3’ untranslated region (UTR) of PP4R2 and then
evaluated the phosphorylation status of RPA2. Consistent with our hypothesis, CPT-treated
cells expressing the R103A mutation had elevated levels of phospho-RPA2 and resembled
the PP4R2-silenced cells (Fig. 1d). We further established the existence of this heightened
RPA2 phosphorylation by probing for the phospho-Ser33 residue of RPA2. This observation
clearly shows that PP4R2 mediates RPA2 dephosphorylation by recruiting PP4C. This result
allowed us to investigate the impact of PP4 phosphatase complex on RPA2 phosphorylation
by silencing PP4R2 and avoid the possible pleiotropic effects of silencing the catalytic
subunit PP4C.

PPA4C efficiently dephosphorylates RPA2 in vitro

To determine whether PP4C can dephosphorylate phospho-RPA2 directly, we used the
baculoviral system to make recombinant PP4C and PP4R2 (Supplementary Fig. 6). Based
on conservation with catalytic subunit of PP2A21, we made mutant PP4C (PP4C D82A),
which is expected to be catalytically inactive (Supplementary Fig. 7). We immunopurified
endogenous phospho-RPA2 from CPT-treated cells and performed dephosphorylation
assays (Fig. 2a). PPAC dephosphorylated phospho-RPA2 in a dose-dependent manner.
Notably, the presence of PP4R2 did not influence the dephosphorylation reaction,
suggesting that its role in cells is restricted to the recruitment of PPAC to substrates such as
RPA2. Consistent with the predicted active site?! and the biochemistry of the catalytic
subunit®, this reaction was inhibited by a mutation in PP4C and by okadaic acid (Fig. 2a). -
phosphatase, which is insensitive to okadaic acid, served as a control.

Silencing PP4R2 impacts the kinetics of RPA2 phosphorylation

The N terminus of RPA2 is a flexible domain containing roughly nine sites that undergo
both stress- and cell cycle—dependent phosphorylation by both PI3-like kinases and the
cyclin-dependent kinases (CDKs) (reviewed in refs. 11:14: Fig. 2b). We used
phosphospecific antibodies to examine both the modification pattern and the kinetics of
phosphorylation at five of the RPA2 sites in PP4R2-silenced cells after treatment with CPT
or the dN'TP synthesis inhibitor hydroxyurea. We determined that robust RPA2
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phosphorylation was detectable after 4 h in 5 mM hydroxyurea, with phosphorylation
gradually increasing thereafter (Supplementary Fig. 8). The phosphorylation levels of all
four phosphoresidues that are targeted by the PI3-like kinases (specifically, Ser33, Thr21
and Ser4 and Ser8 (Ser4/8)) were distinctly elevated at all indicated time points in PP4R2-
silenced cells (Fig. 2c). The CDK target Ser29 also had a relatively higher level of
phosphorylation after 4 and 8 h of hydroxyurea treatment.

To focus on the repair process, we repeated the experiment using an initial 30-min treatment
with CPT and then followed the kinetics of RPA2 phosphorylation for 24 h. In control cells,
Ser33 phosphorylation was detectable within 1 h, peaked between 4 and 8 h and diminished
by 12 h (Fig. 2d). However, in the absence of PP4R2, phospho-Ser33 was distinctly
increased at all times and remained elevated even 12 h after removing CPT. The effect of
PP4R2 deficiency on different RPA2 phosphoresidues was detectable at varying degrees in
the early time points, particularly at early times (0-2 h) after removal of CPT. Together,
these results clearly show that, in response to DNA damage, the PP4R2—PP4C complex
regulates the kinetics of RPA2 phosphorylation, possibly in conjunction with the PI3-like
kinases.

In response to both CPT and hydroxyurea, recruitment of RPA2 to DNA-repair foci occurs
before hyperphosphorylation22:23, Although constitutively hyperphosphorylated RPA2 can
be recruited to DNA-repair foci2425, it is unclear whether the phosphorylation affects the
kinetics or efficiency of RPA2-focus formation. We therefore investigated the kinetics of
RPA2-focus formation in PP4R2-silenced cells using immunofluorescence microscopy. To
eliminate non—chromatin bound RPA2, we extracted the cells with nonionic detergent before
formaldehyde fixation. We found that early in the DNA-damage response (0.5hand 1.5 h
after CPT treatment), there were significantly (P < 0.031) fewer RPA-positive foci in cells
lacking PP4R2, but by 4 h this difference disappeared (Fig. 2e). This observation suggests
that the increase of hyperphosphorylated RPA2 in PP4AR2-silenced cells may delay the
formation of RPA foci and potentially affects the DNA-damage response.

Dephosphorylation of RPA2 affects post-damage DNA synthesis

To elucidate the functional significance of RPA hyperphosphorylation, mutant forms of
RPA designed to mimic the hyperphosphorylated protein, with aspartate substituted for
phosphorylatable RPA2 residues, have been successfully used?4:25, Phosphomimetic RPA
mutants are efficiently incorporated in the RPA complex and do not affect normal cell
division24:25, These mutants selectively prevent the association of RPA with replication
centers but not repair foci24:25, Similarly, others have found that ATR-dependent
phosphorylation of RPA inhibits DNA synthesis following UV irradiation?. Also, inhibition
of radioresistant DNA synthesis by RPA appears to be mediated by Mrel1 (ref. 2). These
results are consistent with the reduced affinity of hyperphosphorylated RPA for DNA
polymerase o-primase26:27,

To confirm these results and further establish that the effect of PP4R2 on DNA synthesis is
due to hyperphosphorylated RPA2, we used the RPA2 replacement strategy?4. In cells
ectopically expressing Myc-tagged RPA2 (WT and phosphomimic mutants), the
endogenous RPA2 is depleted using siRNAs to the 3" UTR, effectively replacing
endogenous RPA2 with the ectopic version. We expressed either RPA2 WT or the different
RPA2 mutants individually or in combination (RPA2 S23D S29D, RPA2 S33D S8D, RPA2
S33D, RPA2 S8D and RPA2 S23D S29D S33D S8D (referred to as RPA2 D4); Fig. 3a). To
investigate whether the elevated levels of phospho-RPA2 in PP4R2-deficient cells had any
impact on post-damage DNA synthesis, we measured the [3H]thymidine incorporation at
different time points after ionizing radiation. There was significantly less DNA synthesis in
PP4R2-silenced cells from 1 to 8 h after ionizing radiation (Fig. 3b, top). Only cells
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expressing the RPA2 S33D S8D (P < 0.029) and RPA2 D4 mutant (P < 0.012), and not the
RPA2 S23D S29D mutant, had significantly impaired DNA synthesis after ionizing
radiation (Fig. 3b bottom). This is consistent with the observation that residues Ser33 and
Ser8 are phosphorylated by the P13-like kinases in response to DNA damagel/+25:28:29
whereas Ser23 and Ser29 phosphorylation is largely cell-cycle regulated6:26:30, Cells
expressing either RPA2 S33D or RPA2 S8D also have reduced DNA synthesis after DNA
damage (Supplementary Fig. 9a). Notably, the decrease in [2H]Jthymidine incorporation at
different times after ionizing radiation in RPA2 S33D S8D- and RPA2 D4-expressing cells
follow the same trend as the PP4R2-silenced cells. However, silencing PP4R2, or transient
expression of RPA2 mutants, does not alter normal cell-cycle progression or DNA synthesis
in undamaged cells (Supplementary Fig. 10). These data suggest that PP4 complex—
mediated dephosphorylation of RPA2 is necessary to modulate the inhibition of DNA
synthesis after DNA damage.

Dephosphorylation of RPA2 influences the G2-M checkpoint

PP4C has been implicated in regulating the G2-M checkpointl?, but whether
hyperphosphorylated RPA2 contributes to the defect in PP4C-deficient cells is not clear. To
assess the impact of PP4-RPA interaction on the G2-M checkpoint, PP4R2-silenced cells or
cells expressing the RPA2 phosphomimic mutants were exposed to ionizing radiation and
released in medium containing nocodazole. We determined the mitotic index of these cells
after 24 h by analyzing expression of phospho-H3. Wip1- and ATR-silenced cells served as
controls. Wip1 is a serine/threonine phosphatase that dephosphorylates Chk1 (ref. 18), and
Wipl-deficient cells have a prolonged G2-M checkpoint and a relatively lower proportion of
cells in mitosis following DNA damagel8. ATR silencing abrogates the G2-M checkpoint,
allowing cells with damaged DNA to enter mitosis31:32, We found that PP4R2-silenced cells
(P < 0.0067) had an extended checkpoint, with a ~35% reduction of the number of cells in
mitosis after ionizing radiation (Fig. 3c). Cells expressing RPA2 WT or RPA2 S23D S29D
mutant had a G2-M checkpoint similar to that of control cells, whereas the phenotype of
cells expressing RPA2 D4 (P < 0.024). was similar to that of PP4R2-silenced cells (Fig. 3c).
These results indicate that PP4C-PP4R2 complex—mediated dephosphorylation of RPA2
facilitates release from a DNA damage—induced G2-M checkpoint.

RPA2 phosphorylation status affects HR-mediated DSB repair

Although RPA2 phosphorylation is induced in response to DSBs, the functional significance
of this phosphorylation in DSB repair remains unclear. RPA acts in HR-mediated repair of
DSBs33. To test the role of RPA phosphorylation on HR, we expressed the rare-cutting |-
Scel endonuclease in U20S cells containing a single, stably integrated copy of the artificial
recombination substrate DR-GFP with an 1-Scel site34.

This system permits quantification of HR efficiency through assay of the fraction of cells
expressing GFP and was previously used to show that RPA-deficient cells have diminished
HR-mediated repair3®. We confirmed our earlier observation that HR is significantly
reduced in PP4C-silenced cells® and determined that knockdown of PP4R2 also suppressed
HR (Fig. 3d, left). To address whether PP4R2-mediated dephosphorylation of RPA2 had any
impact on the efficiency of DSB-induced HR, we expressed I-Scel in cells replaced with the
RPAZ2 variants. Cells expressing RPA2 S33D S8D (P < 0.011) and RPA2 D4 (P < 0.037)
had a significantly lower HR efficiency than cells expressing RPA2 WT or RPA2 S23D
S29D (Fig. 3d, right). Again, the cells expressing either RPA2 S33D or RPA2 S8D also had
reduced HR efficiency (Supplementary Fig. 9). To further confirm the impact of
phosphorylated RPA2 on DSB repair, we measured DSBs using single-cell gel
electrophoresis (neutral comet assay) in cells expressing RPA2 WT or the phosphomimetic
mutants. CPT treatment induces DSBs visible by increased DNA mobility, or ‘comet tails’.
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Based on the comet moments, which quantify the extent of DNA damage, we determined
that significantly more unresolved DNA damage was present in cells expressing RPA2 D4
(P <0.034), and in PP4R2-silenced (P < 0.015) cells than in controls (Supplementary Fig.
11). Defects in the efficiency of DSB repair would be expected to be biologically relevant,
and indeed PP4R2-deficient cells (P < 0.0195) and cells expressing RPA2 S33D S8D (P <
0.024) and RPA2 D4 (P < 0.0278) had lower viability than control cells at all tested doses of
CPT (Fig. 3e). Together, these results show that absence of a PP4C-PP4R2 complex leads to
elevated levels of hyperphosphorylated RPA2, which impedes HR-mediated repair of DSBs
and sensitizes cells to DNA-damaging agents.

RPA2-focus formation is regulated by hyperphosphorylation

One of the early steps in HR-mediated repair of DSBs is RPA binding to the ssSDNA
generated at the break by resection. RPA must be rapidly loaded on the ssDNA, preventing
formation of secondary structures; this step is critical for efficient HR33:36:37_ Interestingly,
in response to DNA damage, recruitment of RPA to DNA-repair foci precedes detection of
the hyperphosphorylated form of RPA2 (refs. 22:23), and our results (Fig. 2e) suggest that
premature hyperphosphorylation of RPA2 delays focus formation. We speculated that DNA
damage—dependent formation of RPA2 foci is delayed in cells expressing the
phosphomimetic RPA2 mutants, impeding efficient HR. To test this idea, we examined the
kinetics of RPA2 foci formation in U20S cells expressing RPA2 D4. We pre-extracted cells
to remove soluble RPA2 before fixation and immunostaining. Whereas more than 30% of
cells expressing RPA2-WT had clear RPA2 foci within 0.5 h after CPT treatment, cells
expressing RPA2 D4 showed a significant (P < 0.0085) delay in RPA2-focus formation
during the initial 2-h incubation after CPT (Fig. 4a). This result suggests that
hyperphosphorylated RPA2 detected early in the DSB response in PP4R2-silenced cells
impairs the rapid recruitment of RPA to DSB-induced foci, thereby reducing the efficiency
of HR.

RAD51 localization is influenced by RPA2 hyperphosphorylation

It is also possible that hyperphosphorylated RPA2 impairs HR by causing defects in the
loading of other DSB repair factors. Several DSB-repair factors, including RAD51,
preferentially interact with the hyperphosphorylated form of RPA2 after UV or CPT
treatment38, In conjunction with a recombination mediator, such as BRCA2 in mammalian
cells33, RPA is dislodged concomitant with RADS51 binding to generate a recombinogenic
RADS51 ssDNA filament33. We speculated that hyperphosphorylated RPA2 generated in an
inappropriate location (nuclear soluble fraction) and time (early in the DSB response) in
PP4-deficient cells would sequester RAD51, thereby preventing its recruitment to repair
foci. To test this hypothesis, we first confirmed that RAD51 preferentially co-
immunoprecipitates with RPA2 D4 (Fig. 4b). We then evaluated the effect of silencing
PP4R2 or replacing endogenous RPA2 with either RPA2 WT or RPA2 D4 on formation of
detergent-resistant RAD51 nuclear staining. CPT treatment caused a substantial increase in
nuclear RADS51 staining only in cells replaced with RPA2 WT. In contrast, only background
levels of nuclear RAD51 cells were detected in mock-treated cells or in CPT-treated cells
deficient in PP4R2 or replaced with RPA2 D4 (Fig. 4c; representative images are shown in
Supplementary Fig. 12). To further establish that the decrease of RAD51 foci in PP4R2-
deficient cells and cells expressing RPA2 D4 is due to inappropriate localization of RAD51,
we fractionated these cells and evaluated the amount of RAD51 and RPAL in chromatin and
soluble nuclear fractions. To accurately quantify the amount of RAD51 and RPA1 in the
immunoblots, we used the Odyssey Infrared Imaging System. After CPT treatment, there
was a detectable increase in soluble nuclear RAD51 and RPA1 and a parallel decrease in
chromatin-bound RAD51 and RPA1, both in cells expressing RPA2 D4 (Fig. 4d, left) and
also in PP4R2-silenced cells (Fig. 4d, right). These results strongly indicate that PP4-
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mediated dephosphorylation of RPA2 is necessary for efficient recruitment of the RPA
complex and factors that associate with hyperphosphorylated RPA2, such as RAD51, to
chromatin in response to DNA damage.

DISCUSSION

RPAZ2 phosphorylation is an integral component of the DSB response. ATR and DNA-PKcs
phosphorylate RPA2 in response to variety of DNA-damaging agents, including CPT,
hydroxyurea and UV16:22.25 |n this study, we identify a heterodimeric phosphatase complex
(PP4C-PP4R2) that specifically dephosphorylates RPA2 and regulates its role in the DNA-
damage response. Absence of PPAC or PP4R2 results in a detectable increase in
hyperphosphorylated RPA2. Specifically, Ser33 of RPA2, which is critical in the
cooperative phosphorylation of other RPA2 residues’8, had the largest increase. Silencing
PP4C does not affect ATR activity3, and inhibiting PP2A-like phosphatases (PP2A, PP4 and
PP6) diminishes the enzymatic activity of DNA-PKc2:39, Therefore, the elevated levels of
hyperphosphorylated RPA2 induced by CPT or hydroxyurea in PP4-silenced cells is not due
to constitutive activation of these kinases.

We show that there is DNA damage—dependent association of PP4C and RPA2 that can be
disrupted by a single mutation in the targeting subunit PP4R2. PP4C dephosphorylated
phospho-RPA2 in vitro in a dose-dependent manner, and mutations in the “active site’ of
PP4C abolished this activity. Also, the impact of PP4C-PP4R2 on RPAZ2 is independent of
H2AX. Finally, by expressing specific RPA2 phosphomimetic mutants, we can recapitulate
the effect of silencing PP4R2 on the DNA-damage response to a considerable degree,
further strengthening the notion of a direct impact of the PP4 complex on RPA2
phosphorylation. Although we cannot formally exclude the possibility that PPAC regulates
RPAZ2 phosphorylation indirectly via some other factors, together these results suggest that
PPAC directly dephosphorylates RPA2.

In cells exposed to hydroxyurea for 24 h, PP2A has been recently reported to
dephosphorylate RPA2 (ref. 49). Interestingly, hydroxyurea does not directly cause DNA
damage but rather impedes DNA synthesis. There are no detectable DNA lesions in cells
treated with up to 500 uM hydroxyurea for 4 h*1, Treatment for 18 h, however, leads to an
inconsistently significant increase in DNA breaks, accompanied with severe cell-cycle
abnormalities, cytotoxic effects (reduced population doubling and reduced mitotic index)
and increased frequencies of cells with chromosomal aberrations*!. Therefore, prolonged
exposure to hydroxyurea causes a global stress response in cells, and the physiological
relevance of RPA phosphorylation in this scenario remains unclear. Also, the primary
observations in this study were derived by inhibiting or silencing the catalytic subunit of
PP2A, which has pleiotropic effects on a variety of cellular processes, including DNA
replication. Depleting or inhibiting PP2AC impedes the initiation of DNA replication®2.
Therefore, it remains unclear whether PP2A has any direct role in dephosphorylating RPA2,
or the impaired DNA synthesis in PP2AC-silenced cells cause RPA hyperphosphorylation.
However, it is feasible that, similar to the PI3-like kinases, multiple phosphatases work in
combination to regulate RPA2 phosphorylation.

Why is it important to dephosphorylate RPA2? Consistent with earlier reports?4:25, we find
that hyperphosphorylated RPA2 impedes DNA replication. Dephosphorylation of RPA2 is
therefore necessary for the resumption of post-damage DNA synthesis, and this in turn
allows the cell to resume cycling. In addition, premature formation of hyperphosphorylated
RPA2 impedes HR-mediated repair of DSBs and enhances sensitivity to DNA-damaging
agents. We provide a mechanistic explanation for this observation. For efficient HR-
mediated repair, RPA needs to be loaded rapidly on sSDNA generated at the DSB site33, We
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find that there is delayed formation of chromatinized RPA2 foci in PP4-silenced cells or in
cells expressing RPA2 phosphomimic mutants. This is consistent with in vitro studies
showing that hyperphosphorylated RPA2 competes with sSSDNA to bind the basic DNA
binding domain of RPA1, impeding the DNA-binding ability of the RPA complex13:38,
Alternatively, increased association of hyperphosphorylated RPA2 with DNA repair
factors38 before focus formation may impede the process. Moreover, we find that the
hyperphosphorylated RPA2 retained in the soluble nuclear fraction sequesters RAD51,
preventing its recruitment to DSB sites and further impairing the DSB repair process. We
speculate that, early in the DSB response, the P13-like kinases phosphorylate all nuclear
proteins that have consensus phosphorylation sites and are in the vicinity of the DSB. RPA2
is prematurely phosphorylated in this initial signaling cascade but is immediately
dephosphorylated by PP4 to facilitate its role in the DNA-repair process. Future studies
better defining the kinetics and biochemistry of PP4-mediated dephosphorylation of RPA2
will elucidate the roles of RPA and PP4 in DNA repair.

METHODS

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/nsmb/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix
ONLINE METHODS

Cell culture, antibodies and reagents

We grew HelLa S3, U20S and U20S-DR-GFP cells in DMEM supplemented with 10% (v/
v) FBS. Antibodies used were against RAD51 (Santa Cruz), Chk1 (Cell Signaling), BRCA1
(Calbiochem), CTIP (Santa Cruz), RPA2 (NeoMarker; Cell Signaling), PP4R1 (Bethyl),
PP4R2 (Bethyl), PP4R3a (Bethyl), PP4R3p (Bethyl), PP4C (Bethyl), WIP1 (Bethyl),
PP2AC (Upstate Biotech), PP6C (Sigma), topoisomerase 1l (Cell Signaling), origin
recognition complex 2 (Abcam), phospho-RPA2 (Ser33) (Bethyl), phospho-RPA2 (Ser4/8)
(Bethyl), phospho-RPA2 (Thr21) (Abcam), phospho-RPA2 (Ser29), a-tubulin (Sigma),
histone H3 (Cell Signaling), phospho-histone H3 (Upstate) and c-Myc (Santa Cruz). We
obtained from Sigma-Aldrich camptothecin (CPT) and hydroxyurea. We purchased okadaic
acid from Calbiochem.

Plasmids

We constructed phosphomimetic mutants (RPA2 S33D, RPA2 S8D, RPA2 S33D S8D),
PP4C mutant (PP4C D82A) and PP4R2 mutants (PP4R2 F99A, PP4R2 R103A, PP4R2
E106A) by QuikChange Il XL site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. We used the following primers: for RPA2 S33D-F, 5'-
TGGATCGCCCGCACCTGATCAAGCCGAAAAGAAATCAAG-3'; for RPA2 S33D-R,
5-CTTGATTTCTTTTCGGCTTGATCAGGTGCGGGCGATCCA-3’; for RPA2 S8D-F, 5'-
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GTGGAACAGTGGATTCGAAGACTATGGCAGCTCCTCATAC-3'; for RPA2 S8D-R,
5-GTATGAGGAGCTGCCATAGTCTTCGAATCCACTGTTCCAC-3'; for PP4C D82A-
F,5-CCTCTTCATGGGGGCCTTTGTGGACCGTG-3'; for PP4C D82A-R, 5'-
CACGGTCCACAAAGGCCCCCATGAAGAGG-3; for PP4R2 F99A-F, 5'-
GTCACTGGATTTAATGGTATCCCTGCTACTATTCAGCGACTATGTGAATT-3'; for
PP4R2 F99A-R, 5'-
AATTCACATAGTCGCTGAATAGTAGCAGGGATACCATTAAATCCAGTGAC-3'; for
PP4R2 R103A-F, 5'-
AATGGTATCCCTTTTACTATTCAGGCACTATGTGAATTGTTAACAGATCC-3'; for
PP4R2 R103A-R, 5'-
GGATCTGTTAACAATTCACATAGTGCCTGAATAGTAAAAGGGATACCATT-3'; for
PP4R2 E106A-F, 5'-
TTACTATTCAGCGACTATGTGCATTGTTAACAGATCCAAGGAG-3’; for PP4R2
E106A-R, 5-CTCCTTGGATCTGTTAACAATGCACATAGTCGCTGAATAGTAA-3'.

siRNAs and transfection

We transfected siRNA duplexes (Dharmacon and Invitrogen) using Lipofectamine 2000
(Invitrogen). The PP4, PP2AC and PP6C siRNAs were described previously?:3:44: the other
siRNAs were as follows: WIP1, siRNA #1 sense 5-GGGUCUUCCUAGCACAUCAUU-3/,
antisense 5-UGAUGUGCUAGGAAGACCCGU-3"; RPA2, siRNA #1 (3'-UTR target)
sense 5'-AACCUAGUUUCACAAUCUGUU-3', antisense 5'-
CAGAUUGUGAAACUAGGUUUU-3'.

To replace endogenous RPA2 with WT or phosphomimetic mutants, we co-transfected
RPA2, RPA2 siRNA (3’ UTR) and plasmid using Lipofectamine 2000 (Invitrogen). For HR
assay, we transfected U20S-DR-GFP cells transfected with RPA2 plasmids and used
blasticidin S (InvivoGen) selection (5 ug mI~1) with RPA2 siRNA (3’ UTR) to deplete
endogenous RPA2.

Protein purification from Sf 9 insect cells and in vitro enzymatic analysis

We purified PP4C and PP4R2 proteins using the Bac-to-Bac Baculovirus Expression System
according to the manufacturer’s manual. Briefly, we introduced pFastBac HT-A plasmid
containing cDNA of PP4C or PP4R2 into DH10Bac E. coli. We selected and sequenced
positive clones. We purified bacmids transposed with pFast-Bac HT-A and introduced them
into Sf9 insect cell by transfection using Cellfectin Reagent (Invitrogen). After 72 h post-
transfection, we used viral soup containing recombinant baculoviral particles for infection of
Sf9 cells (250 ml, 1 x 10° cells per ml). We lysed cells with buffer containing 150 mM
NaCl, 50 mM Tris, pH 7.5, 1% (v/v) nonyl phenoxylpolyethoxylethanol (NP-40), 0.1% (w/
v) SDS, 20 mM imidazole and protease inhibitor cocktail, and conjugated them with nickel-
nitrilotriacetic acid agarose for 2 h. We eluted protein with different amounts of imidazole.
We dialyzed indicated fractions in phosphatase reaction buffer. For the dephosphorylation
assay, we prepared endogenous phospho-RPA2 by immunoprecipitation with anti-RPA2
from CPT-treated U20S cells. We performed phosphatase reactions as described3. We
resolved reaction mixtures by 12% (v/v) SDS-PAGE and determined relative phosphatase
activity by loss of phospho-RPA2 immunoreactivity.

Immunofluorescence

We treated U20S cells (2 x 10°) with 0.5 uM CPT for indicated times. For detection of RPA
and RAD51 foci, we first extracted cells with cytoskeletal (CSK) buffer containing 0.5% (v/
v) Triton X-100 for 5 min on ice, fixed them with 4% (v/v) paraformaldehyde for 30 min,
and permeabilized and immunostained them in 1 x permeabilization/wash (P/W) buffer (BD
Biosciences) containing 5% (v/v) donkey serum. Secondary antibodies were Alexa594-
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conjugated donkey anti-mouse IgG and Alexa488-conjugated donkey anti—rabbit Ig
(Molecular Probes). We acquired images with epifluorescent illumination on a Zeiss
microscope and analyzed them with the US National Institutes of Health Image J program
(http://rsweb.nih.gov/ij/index.html).

Co-immunoprecipitation

We extracted cell lysates from HelLa S3 or U20S in buffer containing 50 mM Tris-HCI, pH
7.5, 250 mM NaCl, 5 mM EDTA, 0.5% (v/v) NP-40 and protease inhibitor cocktail (Roche).
We incubated anti—Flag-agarose (Sigma) or anti—-c-Myc with lysate at 4 °C for 16 h. We
used protein A/G PLUS agarose (Santa Cruz) to pull down immunocomplexes. We washed
precipitates three times with 50 mM Tris-HCI, pH 7.5, 250 mM NaCl, 5 mM EDTA, and
0.5% (v/v) NP-40. We resolved the immunoprecipitated proteins by 4-15% SDS-PAGE and
analyzed them by immunoblot.

Chromatin fractionation and western blot by Odyssey Infrared Imaging System

We performed chromatin fractionation as described*®. We quantified each fraction for equal
loading using NanoDrop 1000 (Thermo Scientific). We performed immunoblotting using the
Odyssey Infrared Imaging System. After primary antibody incubation, we incubated blots
with goat anti-mouse IRDye 800CW or goat anti—rabbit IRDye 680(LI-COR) for 1 h and
scanned them using LI-COR instrument. We quantified images by Odyssey V3.0 software
(http://biosupport.licor.com/index.jsp?
m=Proteomics&menu=Software&spec=0dyssey_Software).

Radioresistant DNA synthesis

We transfected U20S cells (0.6 x 10° cells) with SiRNA by RNAIMAX (Invitrogen) per
manufacturer’s instructions. After 24 h, we incubated cells with 0.025 uCi ml~2 of
[14C]thymidine (PerkinElmer) for 24 h, and then treated them with CPT (0.5 uM for 30 min)
and washed. To label nascent DNA, we added 0.5 uCi mI~1 of [3H]thymidine (PerkinElmer)
for 10 min at indicated times after CPT treatment. We mixed cell lysate with EcoscintH
(National Diagnostics) and we measured incorporation of 14C and 3H labels into DNA using
a Beckman scintillation counter.

G2-M checkpoint assay

HR Assay

We irradiated (5 Gy) siRNA-transfected U20S cells and incubated them in medium
containing 100 ng mi~1 nocodazole (Sigma) for 24 h. We fixed cells in 4% (v/v)
formaldehyde and permeabilized them in cold (—20 °C) 90% (v/v) methanol. We stained
~0.5 x 10° cells with phospho—histone H3 (1:100) for 1 h at 25 °C and then with Alexa488-
conjugated donkey anti—rabbit Ig for 1 h at room temperature, followed by propidium iodide
(PI/RNase staining buffer, BD Biosciences) staining. We performed flow cytometry and
analysis using FloJo (http://www.flowjo.com/home/tutorial.html).

We performed HR assay as described?.

Cell viability assay

We seeded siRNA-U20S cells (3 x 103 per 200 pl) into octuplicate microtiter wells,
incubated them overnight, and then treated them with CPT for 48 h. We measured viability
as described3+46,
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electrophoresis (comet) assay

We performed single-cell comet assays as described3:46,

BrdU incorporation assay and cell cycle

We labeled U20S cells lacking PP4R2 or expressing RPA2 mutants with 10 uM BrdU (6 pl
ml~1 of 5 mg mI~1 stock) for 10 min and then fixed them with 70% (v/v) ethanol. After
incubation with anti-BrdU (Invitrogen) for 30 min, we added as secondary antibody Alexa

Fl

uor 488—conjugated F(ab’)2 fragment of goat anti-mouse 1gG (H+L) (Molecular Probes).

We monitored cellular fluorescence with flow cytometry. In a parallel experiment, we
stained cells with PI/RNase staining buffer (BD Biosciences) for cell cycle analysis by flow
cytometry. We used FloJo software for analysis.
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Figure 1.

A PP4 complex interacts with RPA2 in the context of DNA damage, and silencing the PP4
complex enhances RPA2 phosphorylation. (a) Immunoprecipitation from HeLa S3 cells
where the indicated FH-tagged PP4 subunits were stably expressed. Anti-Flag antibody was
used for immunoprecipitation from untreated (Un) or CPT-treated cells and the western blot
probed with indicated antibodies. (b) Silencing PP4R2 and PP4C enhances phospho-RPA2
levels. All known PP4 subunits in U20S cells were depleted by siRNA transfection, and the
phosphorylation of RPA2 was checked by immunoblotting after CPT treatment. Owing to
lack of a commercially available antibody, the expression of the newly discovered PP4R4
(ref. 43) subunit was determined by RT-PCR. a-tubulin served as loading control. (c) PP4R2
mediates the interaction of PP4C with RPA2. Top, alignment of the N-terminal region of
PP4R2 across different organisms. The highlighted and starred residues represent conserved
residues which were consequently mutated to alanine for study. Bottom, HeLa S3 cells
stably expressing FH-tagged wild-type (WT) or mutant PP4R2 proteins were subjected to
immunoprecipitation after CPT treatment. Immunoprecipitation with FH-PP4C- and FH-
PP4R3pB-expressing cells were performed as additional controls. (d) Interaction of PPAC and
PP4R2 is necessary for dephosphorylation of RPA2. Endogenous PP4R2 was depleted in
HelLa S3 cells expressing either FH-PP4R2 WT or FH-PP4R2 R103A by siRNAs targeting
the 3" UTR of PP4R2. Endogenous (En.) and FH-PP4R2 can be distinguished by mobility
shift on immunoblot (upper panel). The phosphorylation of RPA2 was observed at indicated
times after CPT treatment. Antibody against a RPA2 epitope with phosphorylated Ser33 was
used for the immunoblot. a-tubulin served as loading control.
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Figure 2.
PP4 dephosphorylates RPA2 in vitro and influences the kinetics and pattern of RPA2

phosphorylation in cells. (a) PP4 dephosphorylates RPA2 in vitro. Wild-type PP4C, mutant
PP4C (PP4C D82A) and PP4R2 were purified using the baculoviral system and were
serially diluted in the phosphatase reaction. PPAC dephosphorylates phospho-RPA2 in a
dose-dependent manner. Phosphatase reactions were probed with indicated antibodies.
RPA1 serves as a loading control. OA, okadaic acid. (b) Schematic representation of RPA2
with an expanded view of the N-terminal phosphorylation domain. Serine and threonine
residues highlighted with red are confirmed or potential DNA damage-responsive P13-like
kinase sites, and blue represents the cell cycle—dependent CDK sites. (¢,d) Time course and
pattern of RPA2 phosphorylation in PP4R2-depleted U20S cells after hydroxyurea (HU; ¢)
or CPT (d) treatment using antibodies against specific RPA2 phosphoresidues; untreated
(Un) cells serve as controls. In ¢, cells were incubated in media containing 5 mM
hydroxyurea for indicated time periods. In d, cells after CPT treatment were washed and
incubated for indicated time points. Elevated levels of hyperphosphorylated RPA2 were
detected in PP4R2-silenced cells, a difference found to be more pronounced at early times
after DNA damage. (e) Delayed RPA2 focus formation after CPT treatment in PP4R2-
depleted U20S cells. Cells were stained for RPA2 and 4’,6-diamidino-2-phenylindole
(DAPI), and images were captured by fluorescence microscopy. The RPA2 focus—positive
cells (>30 foci) were quantified manually by comparison with DAPI images (~300 cells
total). A magnified image of a RPA2 focus—positive cell is shown.
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Figure 3.

Hyperphosphorylation of RPA2 affects HR-mediated repair of DSBs and the DNA-damage
response. (a) Endogenous RPA2 was replaced with phosphomimetic mutants. Myc-tagged
RPAZ2, wild-type (WT) and indicated RPA2 mutants were expressed in cells depleted of
endogenous RPA2. a-tubulin served as loading control. (b) Radioresistant DNA synthesis is
inhibited by hyperphosphorylated RPA2. Following silencing of PP4R2 (left) or
replacement of endogenous RPA2 with phosphomimetic RPA2 mutants (right), U20S cells
were incubated with 14C, exposed to y-radiation (undamaged controls, Un), and treated

with 3H for indicated time periods. (c) Hyperphosphorylation of RPA2 affects the G2-M
checkpoint. U20S cells similar to those described in b were irradiated and released in
medium containing nocodazole, and mitotic cells evaluated by flow cytometry. ATR- and
WIP1-silenced cells served as controls. Representative flow cytometry images are shown on
the right, and the results from three independent experiments are graphically represented on
the left. (d) Measurement of HR-mediated repair of an I-Scel-induced DSB. U20S cells
carrying a single copy of the recombination substrate were transfected with control SiRNA,
PP4R2 siRNA or PPAC siRNA (left). In a parallel experiment, endogenous RPA2 was
replaced with RPA2 WT or indicated mutants. The 1-Scel expression plasmid was
transfected, and green fluorescent protein—positive cells were measured by flow cytometry.
(e) Hyperphosphorylation of RPA2 influences sensitivity to DNA damage. Cells depleted of
PP4R2 or expressing RPA2- WT or indicated mutants were incubated with CPT at different
concentration.
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Figure 4.

Premature formation of hyperphosphorylated RPA2 impedes recruitment of RPA and
RAD51 to chromatinized DNA damage—induced foci. (a) RPA2 focus formation after CPT
or mock (represented as Un) treatment of U20S cells expressing RPA2 WT or RPA2 DA4.
Cells were stained for RPA2 and DAPI, and images were captured by fluorescence
microscopy. The RPA2 focus—positive cells (>30 foci) were quantified manually by
comparison with DAPI images (~300 cells total). Representative images are shown on the
left. (b) Interaction of Myc-tagged RPA2 WT, RPA2 D2 or RPA2 D4 with RAD51 after
CPT treatment. Cells were subjected to immunoprecipitation after CPT treatment using an
anti-Myc and probed for RAD51. (c) Reduced nuclear staining of RAD51 in damaged cells
lacking PP4R2 or replaced with RPA2 D4. Following replacement of endogenous RPA2
with phosphomimetic RPA2 mutants or depletion of PP4R2, U20S cells were mock- or
CPT-treated. Cells were then extracted to remove soluble RAD51, stained with DAPI and
anti-RADS51, and imaged by epifluorescence microscopy using identical exposure times.
RAD51 nuclear staining was quantified and plotted. (d) Nuclear localization of RAD51 is
altered by hyperphosphorylated RPA2. RAD51 localization after CPT treatment of U20S
cells, either where endogenous RPA2 was replaced by RPA2 WT or RPA2 D4 (left) or
where PP4R2 was silenced (right). Nuclei were biochemically fractionated, and nuclear
soluble (NS) and chromatin-bound (Chr) fractions were probed for RAD51. Topoisomerase
I1 (TOPII) and histone H3 (H3) was probed for loading and fractionation controls,
respectively. The relative amounts of RAD51 and RPAL are shown in parentheses.
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